The utility of post-source decay (PSD) matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF-MS) was investigated for the structural analysis of phosphatidylcholine (PC). PC did not produce detectable negative molecular ion from MALDI, but positive ions were observed as both [PCϩH] ϩ and [PCϩNa] ϩ . The PSD spectra of the protonated PC species contained only one fragment corresponding to the head group (m/z 184), while the sodiated precursors produced many fragment ions, including those derived from the loss of fatty acids. The loss of fatty acid from the C-1 position (sn-1) of the glycerol backbone was favored over the loss of fatty acid from the C-2 position (sn-2). Ions emanating from the fragmentation of the head group (phosphocholine) included ϩ , ϩ and ϩ , which corresponded to the loss of trimethylamine (TMA), non-sodiated choline phosphate and sodiated choline phosphate, respectively. Other fragments reflecting the structure of the head group were observed at m/z 183, 146 and 86. The difference in the fragmentation patterns for the PSD of [PCϩNa] ϩ compared to [PCϩH] ϩ is attributed to difference in the binding of Na ϩ and H ϩ . While the proton binds to a negatively charged oxygen of the phosphate group, the sodium ion can be associated with several regions of the PC molecule. Hence, in the sodiated PC, intermolecular interaction of the negatively charged oxygen of the phosphate group, along with sodium association at multiple sites, can lead to a complex and characteristic ion fragmentation pattern. The preferential loss of sn-1 fatty acid group could be explained by the formation of an energetically favorable six-member A s major constituents of cell membranes, phospholipids (PL) have an essential role in regulating biophysical properties, protein sorting and cell signaling pathways. Structurally, PLs are diacyl(alkyl)glycerols esterified to a phosphate-containing polar head group. The nature of the head group dictates the particular PL class. PL molecular species are defined by the nature of the acyl (alkyl) residues attached to the C-1 (also called sn-1, using stereospecific numbering) and C-2 positions (sn-2) of the glycerol backbone. The molecular species are uniquely and differentially distributed among different tissues [1, 2] , and because of their importance in regulating development, function and adaptation [3] [4] [5] , analysis of PL molecular species and their alterations is of considerable interest in many areas of biological research.
A s major constituents of cell membranes, phospholipids (PL) have an essential role in regulating biophysical properties, protein sorting and cell signaling pathways. Structurally, PLs are diacyl(alkyl)glycerols esterified to a phosphate-containing polar head group. The nature of the head group dictates the particular PL class. PL molecular species are defined by the nature of the acyl (alkyl) residues attached to the C-1 (also called sn-1, using stereospecific numbering) and C-2 positions (sn-2) of the glycerol backbone. The molecular species are uniquely and differentially distributed among different tissues [1, 2] , and because of their importance in regulating development, function and adaptation [3] [4] [5] , analysis of PL molecular species and their alterations is of considerable interest in many areas of biological research.
Thin layer chromatography (TLC) [6 -8] and normal-phase high performance liquid chromatography (HPLC) [9, 10] are well suited for the separation of PL classes, whereas the separation of molecular species within each class may be accomplished using gas chromatography (GC) [11, 12] or reversed-phase HPLC [13] [14] [15] (see [5] for a review on lipid molecular species analysis). Conversion of PL species to GCsuitable derivatives is laborious and time consuming, and often results in analyte loss. Moreover, HPLC can lack the required resolving power and sensitivity [5] . Mass spectrometry has also been used for the analysis of PL using several ionization sources, including electron impact [16, 17] , chemical ionization [18 -20] , thermospray ionization [21, 22] and plasma desorption [23, 24] . The structural information obtained with these ionization techniques, however, is limited, due to the lack of volatility and the thermal instability of PL [25, 26] . Softer ionization techniques such as fast atom bombardment (FAB) [26 -31] and electrospray ionization (ESI) [32] [33] [34] [35] [36] [37] [38] [39] were later proposed for the analysis of intact PL. When coupled with collisionally activated dissociation (CAD), FAB and ESI greatly improved the structural analysis of PL, including identification of fatty acyl moieties and their sn-1/sn-2 positions on the glycerol backbone [40] . Reference [41] provides an overview on mass spectra of phospholipids.
Recently, matrix-assisted laser desorption/ionization (MALDI) interfaced with FTICR [42] and time-offlight [43] [44] [45] [46] [47] [48] [49] [50] was introduced as an alternative soft ionization technique for mass analysis of PL. In comparison with the other soft ionization sources (FAB and ESI), MALDI analysis of lipids is more sensitive, less affected by impurities and offers rapid sample preparation, making it an excellent analytical approach for rapid screening of lipid components in biological matrices. While the absence of fragmentation can be beneficial for monitoring the dynamics of previously identified PL molecular species, structural information, particularly that concerning the identity of fatty acid substituents and their positions on the glycerol backbone, has not been obtained using single-stage MALDI-TOF-MS analysis.
Phosphatidylcholine (PC) (1,2-diacyl-sn-glycero-3-phosphocholine) is one of the most predominant membrane phospholipids. In contrast to other PL classes, PC cannot be detected in the negative ion mode as deprotonated molecule, and its positive reflector MALDI spectrum lacks the prompt fragment corresponding to PC minus the polar head group [50] . This is attributed to the unique structure of PC, which contains a positive quaternary nitrogen atom. Table 1 . Segments (mirror ratios, MR), laser intensities, and fragments observed in each segment are: MR 100%, LI ϭ same as that used in the reflector mode (100%), A and B; MR 80%, LI 114%, C and D; MR 70% and 60%, LI 150%, E through F, MR 40%, 30% and 20, LI 114%, K and L. *The calculated m/z for fragment K (see Table 1 ) is 182, while experimentally it was observed at 183.
The ionization patterns of PC, relative to other PL classes, have been discussed previously [50] . In this work, we examine the utility of post-source decay (PSD) coupled with MALDI-TOF for the structural identification of PC and propose pathways for the formation of the fragments in the PSD spectra.
In the PSD method, unimolecular decays of laseractivated precursor ions are analyzed. Post-source fragments are formed on a longer time scale than in-source (prompt) fragments. While prompt fragments are formed prior to acceleration, post-source decays occur after acceleration, but before ions enter the electric field of the reflectron. The precursor (parent) ion along with its PSD fragments (which reach the reflectron with the same velocity) are isolated using a timed ion selector. In the reflectron region, ions are separated and focused in several segments by adjusting the mirror ratio of the reflectron. For more details on post-source decay method, see ref [51, 52] .
Experimental

Materials and Sample Preparation
Solvents were reagent grade and purchased from J. T. Baker (Phillipsburgh, NJ, USA). 2,5-dihydroxybenzoic acid (DHB) was purchased from Aldrich Chemical (Milwaukee, WI, USA). Investigated PC species were obtained from Avanti Polar Lipids Inc. (Alabaster, AL, USA). DHB (0.5 M) in methanol:chloroform (1:1, v/v) was used as a matrix solution. PC (0.04 mg/mL) in chloroform was added to the matrix solution (1:1, v/v) and 1 L of the mixture (containing 20 ng of PC) was spotted on a MALDI gold-coated plate. The samples were air-dried for one minute before MALDI analysis.
Instrumentation
MALDI spectra were obtained using a PerSpective Biosystems (Framingham, MA, USA) Voyager DE-RP time-of-flight mass spectrometer equipped with a nitrogen laser (337 nm). All spectra were averages of 256 individual laser shots. The laser was adjusted to about 1/3 of its maximum power, depositing approximately 100 J per laser pulse. The potential applied to the target was 25,000 Volts and the focusing guide wire was held at a potential of 0.16% (40 Volts) of the accelerating voltage. A delay time of 140 ns between the laser pulse and the initiation of the accelerating voltage enabled optimal resolution. For all investigated PCs, MALDI spectra were first acquired in the positive reflector mode from m/z 0 to 5000. Spectra were externally calibrated using standard PC(16:0/18:2) and PC(18:2/ 18:2) (the positive MALDI-TOF spectrum of PC contains peaks corresponding to [PCϩH] ϩ and [PCϩNa] ϩ ) [44, 45, 49, 50] .
In the PSD experiment, the precursor ions (sodiated and protonated PC species) were isolated using a timed ion selector. The fragment ions were refocused onto the final detector by stepping the voltage applied to the Table 1 . Proposed structures of fragments observed in the PSD spectra of [PCϩNa] ϩ . Only fragments K, L and M (observed at m/z 183, 147 and 86, respectively) are independent of the type of PC molecular species. Table 1 ), while experimentally it was observed at 182.8 (rounded to 183).
reflectron in appropriate increments. The individual segments obtained for each mirror ratio were stitched together using the manufacturer's software. The laser intensity was adjusted for each segment to maximize the number of structural fragments. Appropriate mirror ratios (MR) and laser intensities (LI) used in each segment are indicated in the figure captions of all PSD spectra.
Results and Discussion
MALDI Spectra
The positive ion MALDI spectra of PC (14: Figure 2b and all the other PSD spectra of sodiated PC species. The letters correspond to the ions proposed in Table 1 . The m/z values of the fragment ions observed in the PSD spectra of the sodiated PC species are shown in Table 2 .
To examine the utility of PSD for positional analysis of acyl moieties, several isomeric pairs of PC were studied. PSD spectra of the precursor ions, [PC ( Table 1 . The three pairs of fragments (EF, GH, and IJ) were due to the loss of (R n COOH), (R nCOONa) and (R n COOHϩTMA), respectively, where n denotes the carbon position (1 or 2) on the glycerol backbone from which the fatty acid groups were lost.
Figures 4a-4f are PSD spectra of several PC isomeric pairs showing the regions in which E through J frag- ϩ . Segments (mirror ratios, MR), laser intensities, and fragments observed in each segment are: MR 100%, LI 100%, A; MR 94%, LI 107%, B; MR 80%, LI 114%, C and D; MR 66% and 59%, LI 150%, E through F; MR 50%, 25% 19%, 15%, LI 114%. Note that the peaks corresponding to the fragments from which R 1 COOH was lost were higher than those from which R 2 COOH was lost (Fragments J was higher than I, and F was higher than E). There was no indication of preferential loss between R 1 COONa and R 2 COONa (see Table 3 ). The slightly higher intensity of the peak at m/z 507 compared to that at m/z 505 is due to a partial overlap of their isotopic envelopes.
ments were observed. To compare relative intensities, the six fragment ions (E through J) were focused in a single segment. It is clear from the spectra that loss of the sn-1 fatty acid group from the glycerol backbone was favored over the loss of sn-2 fatty acid group. The intensity of fragment F (formed from the loss of R 1 COOH) was always higher than that of fragment E (formed from the loss of R 2 COOH). Also, the intensity of fragment J (formed from the loss of both R 1 COOH and TMA) was always higher than that of fragment I (formed from the loss of both R 2 COOH and TMA). The J-fragment: I-fragment ratio was approximately 2:1 in all PC species, (see Table 3 ). Other PL classes (PE, PG, PA and PS) have shown (qualitatively) the same preferential loss of fatty acids [48] . For PC species with identical fatty acyl groups (e.g., PC(18:1/18:1), Figure 4f ), the fragments in each pair (EF, GH, and IJ) had the same m/z, resulting in three signals reflecting the losses of (R n COOH), (R n COONa) and (R n COOHϩTMA).
Fragmentation Mechanisms
Unlike the protonated PC species, several fragment ions were observed in PSD spectra of the sodiated PC species, concordant with previous work by Domingues et al. [26] (FAB-tandem-MS), and Han et al. [34] (ESI-tandem-MS). The nature of ionic binding of alkali metal, as opposed to proton binding [53] may be responsible for the multiple fragments observed in the PSD spectra of sodiated PC. While the proton gets exclusively bound to a negatively charged phosphate oxygen, sodium ion can randomly associate with several regions of the PC molecule. As a result, the negatively charged oxygen in the sodiated PC may exhibit intermolecular nucleophilic attacks, leading to the loss of R n COOH and TMA from sodiated PC. In protonated PC, however, the proton bound to the phosphate oxygen precludes such intermolecular interactions. ϩ . The segments in which Fragments E through J were observed required mirror ratio of 60% and laser intensity of 50% above that used in the reflector mode (150%). ϩ Ϫ (R 1 COOHϩTMA) *In PC(18:0/18:1) and PC(18:1/18:0), the intensity ratios of the fragments deviate from those observed in the rest of PC species due to the overlapping of isotopic distribution (see Fig. 3 ).
The proton and sodium binding to the PC molecule and possible intermolecular interaction exhibited in the sodiated PC are illustrated in Scheme 1, where the encircled sodium ion indicates that the sodium position is irrelevant with regard to initiating the fragmentation that results in the loss of R n COOH and TMA. The losses of R n COONa and sodiated choline phosphate, on the other hand, are fragmentations in which the position of the sodium ion is relevant. In other words, the availability of sodium ion to associate with fatty acyl or polar head groups may effect their neutral losses as sodium salts (R nCOONa and sodiated choline phosphate).
Pathways for several fragments observed in the PSD spectra of sodiated PC may be explained by the labile nature of the sodium attachment and the intermolecular interaction of the negative phosphate group. As illustrated in Scheme 2, intermolecular nucleophilic attack by the negatively charged oxygen of the phosphate group evidently led to the loss of TMA (Scheme 2, Pathway 1), yielding Fragment B. In Fragment B, a six-membered-ring cyclic rearrangement could have occurred (Scheme 2, Pathway 2). Since the sodium ion may be associated with either the polar head or the fatty acid group, the cyclic rearrangement led to the fragment ions C and L. The lack of an ion at m/z 206 Loss of R 1 COOH from the sodiated PCs was favored over the loss of R 2 COOH. This preferential loss was also observed with ESI-tandem MS of lithiated PC, by Hsu et al. [37] . Unlike the lithiated PC species, the ESI-tandem mass spectra of protonated PC species contained no abundant ions that identified the fatty acid groups [37] . The pathway proposed by Hsu et al. [37] suggested that R n COOH were lost via charge-remote six membered cyclic rearrangements in which the carbonyl oxygens of the fatty acids gained a proton from the glycerol backbone, leading to the neutral loss of fatty acid groups.
Here we propose alternative pathways (Scheme 3) that explain the different fragmentation patterns obtained for the sodiated and protonated PC species. In addition, Scheme 3 provides a rational for the preferential loss of fatty acid from the sn-1 position. It is likely that in a sodiated PC, a negatively charged phosphate oxygen exhibits intermolecular nucleophilic attacks on the carbons of the glycerol backbone, forming cyclic intermediate ions (Scheme 3). We suggest that the formation of PC minus R n COOH (F and E) and subsequently PC minus both R n COOH and TMA (I and J) are determined by differences in the activation energies needed for the formation of the energetic cyclic intermediates (in brackets, Scheme 3). The energetically more favorable formation of the six-member intermediate compared to that of the five-member intermediate could account for the preferential loss of the sn-1 fatty acid substituent.
Proposed pathways leading to the loss of fatty acids as neutral sodium salts (R n COONa) are illustrated in Scheme 4. Interestingly, while sodiated PC species were susceptible to the simultaneous loss of R n COOH and TMA (Fragments I and J, Scheme 3), ions that lost R n COONa did not lose TMA and vice-versa. This supports the proposed involvement of the negatively charged phosphate oxygen in the fragmentation pathways. The cyclic structures formed via the loss of R n COONa (Fragments H and G, Scheme 4) no longer contained negatively charged oxygen and thus did not lose TMA. Likewise, when sodiated PC lost TMA, a cyclophosphane ring was formed (Fragment B, Scheme 2), precluding the loss of R n COONa.
There was no indication of a preferential loss between R 1 COONa and R 2 COONa (Fragment G Х H, see Table 3 ). This suggests that, unlike the loss of R n COOH groups, which is dictated by the activation energy for the formation of cyclic intermediates, the loss of R n COONa is likely determined by the probability of sodium ion to interact with carbonyl groups of the fatty acyl chains. Thus, since it is equally likely for a sodium ion to associate with either carbonyl group (sn-1 or sn-2), the loss of R 1 COONa was as frequent as the loss of R 2 COONa. Similarly, the association of sodium ion with the head group (the choline phosphate), led to an ion formed by the neutral loss of sodiated choline Possible mechanisms leading to Fragments K and M are illustrated in Schemes 6 and 7, respectively. The calculated m/z of Fragment K is 182, while experimentally it was observed at 182.8 (rounded to 183). The higher observed m/z value for Fragment K may be due to the contribution of a fragment generated from the protonated PC at m/z 184 (the protonated PC cannot be completely eliminated when selecting the sodiated PC). This also explains the broad asymmetric appearance of the peak corresponding to Fragment K (see Figure 2b) , despite attempts to optimize it by adjusting the mirror ratio of the reflector. The Fragment M at m/z 86 was observed among other poorly resolved peaks between m/z 50 and 100 (Figure 3 ). These peaks likely correspond to the same series of broad peaks that have been observed in FAB-CID spectra of ϩ [26] . According to Domingues et al. [26] , the peaks may be attributed to ions derived from charge-remote fragmentation of the alkyl chains.
Finally, the fragment at m/z 184 in the PSD spectra of protonated PC species may arise upon transfer of a proton from the glycerol backbone to the phosphate group, via a six-membered cyclic rearrangement, as illustrated in Scheme 8. The cleavage resulting from this proton transfer leaves a net positive charge on the head group of the fragment, observed at m/z 184. As previously mentioned, a fragment ion at m/z 206 was not observed in the PSD spectra of sodiated PC species. This is likely because a negative charge of the phosphate group precludes the cyclic rearrangement of sodiated PC and in-turn precludes the C-O cleavage, as illustrated in Scheme 9.
Conclusions
PSD-MALDI spectra of sodiated PC species are more informative than PSD spectra of protonated PC species. The labile ionic association of sodium ion with the PC molecule is likely the promoter of several fragmentation pathways. On the other hand, the binding of a proton to the phosphate group primarily leads to the formation of an ion at m/z 184, corresponding to the head group itself. The preferential loss of sn-1 fatty acid group from sodiated PC is likely due to the lower activation energy needed to form the six-membered ring intermediate ion, as opposed to the five-membered ring formed prior to the loss of sn-2 fatty acid group. This phenomenon makes it possible to identify the fatty acyl groups and their positions on the glycerol backbone of a PC molecule via PSD-MALDI MS.
